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Conveying a drill tubular through the borehole
81— penetrating an earth formation

!

Transmitting a signal into the formation with
82— a transmitter transducer disposed at
the drill tubular

!

Receiving a first signal with a first receiver

transducer having a sensitivity oriented in a

first direction and disposed an axial distance
from the transmitter transducer

83—

!

Receiving a second signal with a second 80
receiver transducer having a sensitivity
84 oriented in a second direction different from
the first direction and disposed an axial
distance from the transmitter transducer

!

Calculating a corrected signal that corrects
for at least one of bending and torsion of
the drill tubular between the transmitter
85—"] transducer and the first and second receiver
transducers using the first signal and
the second signal

!

Estimating a property of the earth formation
using the corrected signal

FIG.8
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1
METHOD AND APPARATUS FOR DEEP
TRANSIENT RESISTIVITY MEASUREMENT
WHILE DRILLING

BACKGROUND

Earth formations may be used for various purposes such as
hydrocarbon production, geothermal production, and carbon
dioxide sequestration. In order to efficiently use an earth
formation, the formation is characterized by performing mea-
surements of many different properties. One type of measure-
ment is formation resistivity or its inverse conductivity. Resis-
tivity measurements may be performed by a resistivity
logging tool that is disposed in a borehole penetrating the
formation. In logging-while-drilling applications, the log-
ging tool is connected to a drill string and the measurements
are performed while the borehole is being drilled.

Induction resistivity measurements may be performed by
transmitting electromagnetic signals into a formation from a
transmitter antenna and receiving corresponding electromag-
netic signals that were modified by the formation with a
receiver antenna. The received signals include information
that is used to determine the formation resistivity. The
receiver antenna and the transmitter antenna, while connected
to the same drill string, are spaced a distance from each other.
Unfortunately, as the borehole is being drilled, the drill pipes
making up the drill string can undergo torsion and bending
causing the alignment between the transmitter antenna and
the receiver antenna to change. The misalignment and bend-
ing introduce an additional angle between transmitter and
receiver such that they are no longer in the original alignment,
which produces parasitic coupling and associated signals.
These parasitic signals make it difficult or impossible to
acquire any reliable directional measurements including
direction and distance to bed or resistivity anisotropy mea-
surement. Accordingly, any change in the alignment, either
from bending and/or torsion, can cause the resistivity data to
be corrupted or loose accuracy. Hence, it would be well
received in the drilling and geo-physical exploration indus-
tries if resistivity logging tools could be improved to correct
for drill string torsion and bending.

BRIEF SUMMARY

Disclosed is a method for estimating a property of an earth
formation penetrated by a borehole. The method includes:
conveying a drill tubular through the borehole; transmitting a
signal into the formation with a transmitter transducer dis-
posed at the drill tubular; receiving a first signal with a first
receiver transducer having a sensitivity oriented in a first
direction and disposed an axial distance from the transmitter
transducer; receiving a second signal with a second receiver
transducer having a sensitivity oriented in a second direction
different from the first direction and disposed an axial dis-
tance from the transmitter transducer; calculating a corrected
signal that corrects for at least one of bending and torsion of
the drill tubular between the transmitter transducer and the
first and second receiver transducers using the first signal and
the second signal; and estimating the property using the cor-
rected signal.

Also disclosed is an apparatus for estimating a property of
an earth formation penetrated by a borehole. The apparatus
includes: a drill tubular configured to be conveyed through the
borehole; a transmitter transducer disposed at the drill tubular
and configured to transmit a signal towards the earth forma-
tion; a first receiver transducer disposed at the drill tubular a
first axial distance from the transmitter transducer, having a
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first direction of sensitivity, and configured to receive a first
signal related a transmission signal; a second receiver trans-
ducer disposed at the drill tubular a second axial distance
from the transmitter transducer that is less than the first axial
distance, having a second direction of sensitivity that is dif-
ferent from the first direction of sensitivity, and configured to
receive a second signal related to the transmission signal; and
a processor configured to calculate a corrected signal that
corrects for at least one of bending and torsion of the drill
tubular between the transmitter transducer and the first and
second receiver transducers using the first signal and the
second signal, and to estimate the property using the cor-
rected signal.

Further disclosed is a non-transitory computer-readable
medium having computer-executable instructions for esti-
mating a property of an earth formation penetrated by a bore-
hole by implementing a method. The method includes trans-
mitting a signal into the formation with a transmitter
transducer disposed at a drill tubular disposed in the borehole;
receiving a first signal with a first receiver transducer having
a sensitivity oriented in a first direction and disposed an axial
distance from the transmitter transducer; receiving a second
signal with a second receiver transducer having a sensitivity
oriented in a second direction different from the first direction
and disposed an axial distance from the transmitter trans-
ducer; calculating a corrected signal that corrects for at least
one of bending and torsion of the drill tubular between the
transmitter transducer and the first and second receiver trans-
ducers using the first signal and the second signal; and esti-
mating the property using the corrected signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The following descriptions should not be considered lim-
iting in any way. With reference to the accompanying draw-
ings, like elements are numbered alike:

FIG. 1 illustrates a cross-sectional view of an exemplary
embodiment of resistivity tool attached to a drill string dis-
posed in a borehole penetrating the earth;

FIG. 2 depicts aspects of drill string undergoing bending;

FIGS. 3A and 3B, collectively referred to as FIG. 3, depict
aspects of the drill string undergoing torsion;

FIG. 4 depicts aspects of the resistivity tool having two set
of receiver transducers for correcting for a tool signal;

FIG. 5 illustrates a graph of received signal voltage versus
time for a receiver antenna oriented in the X-direction receiv-
ing a formation signal without drill string bending and with 5°
drill string bending;

FIG. 6 illustrates a graph of received signal voltage versus
time for receiver antennas oriented in the X and Z-directions
with drill string signal influence and with 5° drill string bend-
mg;

FIG. 7 illustrates a graph of received signal voltage versus
time for receiver antennas oriented in the X-direction with
signal correction and with 5° drill string bending; and

FIG. 8 is a flow chart of a method for estimating a property
of an earth formation penetrated by a borehole.

DETAILED DESCRIPTION

A detailed description of one or more embodiments of the
disclosed apparatus and method presented herein by way of
exemplification and not limitation with reference to the Fig-
ures.

Disclosed are method and apparatus for estimating a prop-
erty of an earth formation using logging-while-drilling
(LWD) sensors disposed at a drill string and correcting for
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bending or torsion (i.e., twisting) of the drill string to provide
measurements having increased accuracy and precision. Out-
puts from two or more sensors measuring the property are
provided to a processor that computes a corrected signal
related to the property that corrects for the bending or torsion.

FIG. 1 illustrates a cross-sectional view of an exemplary
embodiment of a LWD system 10 disposed in a borehole 2
penetrating the earth 3, which may include an earth formation
4. The LWD system 10 is configured to perform measure-
ments on the formation 4, which may be a function of direc-
tion or azimuth, for characterizing the formation 4. The for-
mation 4 represents any subsurface material of interest that
may be characterized by the system 10. The LWD system 10
is conveyed through the borehole 2 by a carrier 5, which can
be adrill tubular such as a drill string 6. A drill bit 7 is disposed
at the distal end of the drill string 6. A drill rig 8 is configured
to conduct drilling operations such as rotating the drill string
6 and thus the drill bit 7 in order to drill the borehole 2. In
addition, the drill rig 8 is configured to pump drilling fluid
through the drill string 6 in order to lubricate the drill bit 7 and
flush cuttings from the borehole 2. Downhole electronics 9
are configured to operate the system 10, process measurement
data obtained downhole, and/or act as an interface with telem-
etry to communicate data or commands between downhole
components and a computer processing system 11 disposed at
the surface of the earth 3. Non-limiting embodiments of the
telemetry include pulsed-mud and wired drill pipe. System
operation and data processing operations may be performed
by the downhole electronics 9, the computer processing sys-
tem 11, or a combination thereof. Formation characterization
measurements are generally performed at a plurality of
depths with the measurements being recorded along with a
depth at which the measurements were performed to create a
log. In one or more embodiments, the log is a graphical
representation of measurement value versus depth. In one or
more embodiments, changes in measurement values may be
presented as an image of the formation.

As illustrated in FIG. 1, the LWD system 10 includes three
transmitter transducers 12, 13 and 14. These transmitter
transducers have transmission directions that are orthogonal
to each other in the X, Y and Z directions. However, the
transmission directions do not have to be orthogonal to each
other with corrections for non-orthogonality being made by
geometric analysis or calibration. The transmitter transducers
are configured to transmit a signal into the formation 4. In one
or more embodiments, the signal is electromagnetic energy
for measuring formation resistivity and the transmitter trans-
ducers are antennas such as coils. A coil may be represented
as a circle or oval in one or more views. The LWD system 10
also includes three receiver transducers 15, 16 and 17. These
receiver transducers have sensitivity directions that are
orthogonal to each otherinthe X, Y and Z directions and align
with the transmission directions of the transmitter transduc-
ers. For example, the transmission direction of the transmitter
transducer 12 and the sensitivity direction of the receiver
transducer 17 are both along the X-axis. The receiver trans-
ducers are configured to receive a signal from the formation 4
in response to the signal transmitted by the transmitter trans-
ducers. In the resistivity imaging embodiment, the receiver
transducers are also antennas such as coils. As with the trans-
mitter transducers, the receiver transducers do not have to be
orthogonal to each other with corrections for non-orthogo-
nality being made by geometric analysis or field or laboratory
calibration.

The electromagnetic energy transmitted into the formation
(i.e., transmitted signals) by the transmitter transducers
induces circulating electrical currents such as eddy currents
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4

in the formation. The circulating currents in turn generate
electromagnetic energy (i.e., formation signals), which is
received by the receiver transducers. The magnitude of the
received signals is indicative of the resistivity or conductivity
of the formation. For example, a signal received from a first
formation having a higher magnitude (or amplitude) than a
signal received from a second formation is indicative of the
first formation having a lower resistivity (or higher conduc-
tivity) than the resistivity of the second formation. The value
of the formation resistivity or conductivity may be obtained
by having the system 10 calibrated using sample materials
having a known resistivity or by analysis of the transmitted
and return signals using known physical relationships (such
as Maxwell’s equations for example).

Itcan be appreciated that a transmitted signal may have two
components—a tool component and a formation component.
The tool component signal is a signal from a transmitter
transducer induced in a receiver transducer due to a conduc-
tive drill collar or tool structure. The formation signal is a
signal from the transmitter transducer induced in a receiver
transducer due to the electrical characteristics of the forma-
tion. The received formation signal has information for char-
acterizing the formation while the received tool signal does
not include formation characterization information and may
interfere with the formation signal. After a signal is transmit-
ted, received signals are received over a period of time.
“Early” received signals include the tool component signal
and the formation signal. “Late” return signals are mostly if
not all tool signals because at the late time the formation
signal may be considered negligible (e.g., less than 5% of the
magnitude of the total signal). The late received signals are
used to correct for bending and/or torsion of the drill string
and to correct for interference with the formation signals as
discussed below.

FIG. 2 depicts aspects of correcting for bending of the drill
string 6. For teaching purposes, a “normal” configuration
alignment is presented with no bending or torsion where the
transmitter transducer 14 (transmission direction along
Z-axis), the receiver transducer 15 (direction of sensitivity
along X-axis), and the receiver transducer 17 (direction of
sensitivity along Z-axis) are illustrated. In the “normal” con-
figuration with no bending, the transmitter transducer 12
transmits a signal in the Z-direction and the receiver trans-
ducer 17 receives a late received signal of a certain magnitude
from the tool in the Z-direction. Because the receiver trans-
ducer 15 has a sensitivity direction that is orthogonal to the
transmission direction, there is no received late signal
received by the receiver transducer 15 and its output will be
zero. As the drill string 6 bends in the X-Z plane, the signal
received by the receiver transducer 17 will decrease because
the receiver transducer 17 will now have a vector component
of the sensitivity direction in the X-plane and a decreased
vector component of the sensitivity direction in the Z-direc-
tion. Accordingly, the output of the receiver transducer 15
will increase because this transducer will now have a vector
component of sensitivity in the Z-direction. The angle 6
formed between the transmitter transducer and the receiver
transducers as referenced to the normal configuration may be
calculated as 0=tan™'(V,5/V,,) where V is the output signal
magnitude or amplitude from the receiver transducer 15 and
V, is the output signal magnitude or amplitude from the
receiver transducer 17. The symbol V relates to a receiver
transducer output signal, such as voltage or current ampli-
tude. The corrected signal used to determine the formation
property may then be calculated as V| 5., eerea= VY 15 €0S(0)+
V,,sin(0) at a particular point in late time t, which marks the
end of a time interval over which both formation signals and
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tool signals were received. In other words, the late signals
(tool signals only) are used to correct the early signals (for-
mation signals and tool signals) to remove the influence of
drill string bending in determining the formation property. It
can be appreciated that the output from the receiver trans-
ducer 16 can also be corrected for drill string bending using
the above disclosed techniques.

FIG. 3 depicts aspects of correcting for torsion of the drill
string 6 as illustrated in top cross-sectional views. In FIG. 3,
the transmitter transducer is at one location in the drill string
6 and the receiver transducers are spaced the distance L. from
the receiver transducers (as illustrated in FIG. 3A). For teach-
ing purposes, a “normal” configuration alignment is illus-
trated in FIG. 3A with no bending or torsion where the trans-
mitter transducer 12 (direction of transmission along X-axis),
the receiver transducer 15 (direction of sensitivity along
X-axis), and the receiver transducer 16 (direction of sensitiv-
ity along Y-axis) are illustrated. In the “normal” configura-
tion, the transmitter transducer 12 transmits a signal in the
X-direction and the receiver transducer 15 receives a late
received signal of a certain magnitude from the tool in the
X-direction. Because the receiver transducer 16 has a sensi-
tivity direction (i.e., Y-direction) that is orthogonal to the
transmission direction (i.e., X-direction), there is no signal
received by the receiver transducer 16 and its output will be
zero. As the drill string 6 experiences torsion in the X-Y plane
as illustrated in FIG. 3B, the magnitude of the signal received
by the receiver transducer 15 will decrease because the
receiver transducer 15 will now have a vector component of
its sensitivity direction in the Y-direction and a decreased
vector component of its sensitivity direction in the X-direc-
tion. Accordingly, the output of the receiver transducer 16
will increase because this transducer will now have a vector
component of sensitivity in the X-direction. The angle 6
formed between the transmitter transducer and the receiver
transducers as referenced to the normal configuration may be
calculated as 6=tan™'(V 4N ) where V5 is the output signal
magnitude from the receiver transducer 15 and V; is the
output signal magnitude from the receiver transducer 16. The
corrected signal used to determine the formation property
may then be calculated as V4., oered= VY 16°€08(0)+V 58in(0)
at a particular point in late time t, which marks the end of a
time interval over which both formation signals and tool
signals were received. In other words, the late signals (tool
signals only) are used to correct the early signals (formation
signals and tool signals) to remove the influence of drill string
torsion in determining the formation property. It can be appre-
ciated that the output from the receiver transducer 15 can also
be corrected for drill string torsion using the above disclosed
techniques.

Next, an exemplary technique for correcting for drill string
bending and/or torsion along with correcting for the tool
signal is presented. Two sets of receivers, a first set and a
second set, are used in this technique as illustrated in FIG. 4.
The configuration illustrated in FIG. 4 was used to run com-
puter-simulated modeling of the misalignment and tool signal
correction process. The parameters of the model were as
follows: 1) the transmitter-receiver spacing in first set of
receivers—9 m, 2) the transmitter-receiver spacing in second
set of receivers closest to transmitters—6 m, 3) the transmitter
dipole moment—30 Am?, and 4) the effective area of the
receivers—4.6 m* each. FIG. 5 illustrates the ideal ZX signal
(signal from Z-transmitter received in X-receiver) due to side
boundary of the formation and correcting for the tool signal
(the corrected ZX signal may be referred to as ZX bucked as
in FIG. 5). This signal is the result of the processing of data
from the two X-receivers (due to signal transmitted from the
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Z-transmitter) according to equation (1) where V represents
signal magnitude or amplitude such as voltage or current,
subscript ZX represents corrected signal received in X-direc-
tion due to signal transmitted in Z-direction, subscript ZX1
represents signal received by normal x-direction receiver
transducer in the first set due to signal transmission in Z-di-
rection, and subscript ZX2 represents signal received by nor-
mal X-direction receiver in the second set due to signal trans-
mission in Z-direction.

g 1
sz(l)=sz1(l)—fh*(l—T)'szz(T)dT @
0

The impulse response h*(t) may be used in its simplest form
h*(t)=x,8(t) where 3(t) is the Dirac delta-function; then sub-
stituted into equation (1) to give equation (2).

VzxO)=V 2 (=%, Vzxo(2) ()]

In equation (2), x, is determined from minimization of V
(0)=V 1 (1)=X,"V (1) in the auxiliary time interval t,eAt of
late times where the tool signal is predominant. In general, the
parameter X, is very close to the ratio, L,*/L,*, where L, and
L, are the transmitter-to-receiverl and the transmitter-to-re-
ceiver2 distances, respectively. The procedure corresponding
to equations (1) and (2) is used to substantially eliminate the
tool signal and is referred to as “bucking.” FIG. 5 illustrates
the ZX signal for 5 degrees bending of the drill string or drill
collar (in 9 m between transmitter and receiverl ) compared to
the no bending case. The bucked signal with the bending of
the drill string is also the result of the two-receiver data
processing as discussed above.

FIG. 6 illustrates the unbucked (i.e., uncorrected) ZX and
7.7 signals in the X-receiverl and Z-receiver]l with 5° bend-
ing of the drill string. These signals at a late time acquisition
interval are used to calculate the bending angles indepen-
dently in the two X-receivers according to equations (3) and

4).

o = ({22 @
0y = tan’l(%) @

The calculated bending angles 6, and 6, are used to calcu-
late the corrected ZX signals in both X-receivers according to
equations (5) and (6).

Vzx1corrected™ Vzx1°008(01)+V 7z, sin(6,) )]
Q)

The corrected two-receiver ZX signal as a function of time
(t) (i.e., signal received from X-direction due to signal trans-
mitted in Z-direction) is calculated by substituting the results
obtained from equations (5) and (6) into equation (2), thus
yielding equation (7). Time t in equation (7) may represent
early times, which include the formation signal in order to
correct for signals that characterize the formation.

Vzx0corrected™Vzx2°0085(02)+ V725 sin(6,)

M

The result of the modeling using equation (7) is illustrated
in FIG. 7. It is noted that the ideal signal with no drill string
bending and the corrected signal that corrects for drill string
bending and the tool signal are practically indistinguishable
from each other.

Vzxeorrected =V zx1corrected =51V zx2c0rrected(l)
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FIG. 8 is a flow chart for a method 80 for estimating a
property of an earth formation penetrated by a borehole.
Block 81 calls for conveying a drill tubular through the bore-
hole. Block 82 calls for transmitting a signal into the forma-
tion with a transmitter transducer disposed at the drill tubular.
Block 83 calls for receiving a first signal with a first receiver
transducer having a sensitivity oriented in a first direction and
disposed an axial distance from the transmitter transducer.
The first signal is due to the signal transmitted by the trans-
mitter transducer and includes early signals induced in the
first receiver due to the formation and the drill tubular and late
signals induced in the first receiver due to predominantly tool
signals. Block 84 calls for receiving a second signal with a
second receiver transducer having a sensitivity oriented in a
second direction different from the first direction and dis-
posed an axial distance from the transmitter transducer. The
second signal is also due to the signal transmitted by the
transmitter transducer and includes early signals induced in
the second receiver due to the formation and the drill tubular
and late signals induced in the second receiver due to pre-
dominantly to the drill tubular. Block 85 calls for calculating
a corrected signal that corrects for at least one of bending and
torsion of the drill tubular between the transmitter transducer
and the first and second receiver transducers using the first
signal and the second signal. Block 86 calls for estimating the
property using the corrected signal.

It can be appreciated that the above techniques are also
applicable to correcting for drill string torsion and the tool
signal and that the equations for this correction are similar to
equations (1)-(7). It can be appreciated that correction for
drill string torsion, correction for drill string bending, and
correction for the tool signal may be performed sequentially
or simultaneously. It can be appreciated that correction for
drill string bending and the tool signal may be performed
when the bending has vector components in the X-direction
and the Y-direction. It can be appreciated that the above tech-
niques can be used to correct for the drill string experiencing
both bending and torsion. It can be appreciated that the above
disclosed techniques may also be employed in LWD tools to
transmit and receive forms of energy other than electromag-
netic energy.

The above disclosed techniques provide several advan-
tages. One advantage is that sensors such as accelerometers,
magnetometers, or strain gauges, which may be used to mea-
sure drill string bending or torsion, are not required. Further,
support for these sensors such as power and data acquisition
channels are not required thus not requiring additional space
in a downhole tool where space may be limited due to bore-
hole spaced constraints.

In support of the teachings herein, various analysis com-
ponents may be used, including a digital and/or an analog
system. For example, the downhole electronics 9, the com-
puter processing system 11, or the LWD system 10 may
include digital and/or analog systems. The system may have
components such as a processor, storage media, memory,
input, output, communications link (wired, wireless, pulsed
mud, optical or other), user interfaces, software programs,
signal processors (digital or analog) and other such compo-
nents (such as resistors, capacitors, inductors and others) to
provide for operation and analyses of the apparatus and meth-
ods disclosed herein in any of several manners well-appreci-
ated inthe art. It is considered that these teachings may be, but
need not be, implemented in conjunction with a set of com-
puter executable instructions stored on a non-transitory com-
puter readable medium, including memory (ROMs, RAMs),
optical (CD-ROMs), or magnetic (disks, hard drives), or any
other type that when executed causes a computer to imple-
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ment the method of the present invention. These instructions
may provide for equipment operation, control, data collection
and analysis and other functions deemed relevant by a system
designer, owner, user or other such personnel, in addition to
the functions described in this disclosure.

The term “carrier” as used herein means any device, device
component, combination of devices, media and/or member
that may be used to convey, house, support or otherwise
facilitate the use of another device, device component, com-
bination of devices, media and/or member. Other exemplary
non-limiting carriers include drill strings of the coiled tube
type, of the jointed pipe type and any combination or portion
thereof. Other carrier examples include casing pipes, wire-
lines, wireline sondes, slickline sondes, drop shots, bottom-
hole-assemblies, drill string inserts, modules, internal hous-
ings and substrate portions thereof.

Elements of the embodiments have been introduced with
either the articles “a” or “an.” The articles are intended to
mean that there are one or more of the elements. The terms
“including” and “having” are intended to be inclusive such
that there may be additional elements other than the elements
listed. The conjunction “or” when used with a list of at least
two terms is intended to mean any term or combination of
terms. The terms “first,” “second” and the like do not denote
a particular order, but are used to distinguish different ele-
ments.

While one or more embodiments have been shown and
described, modifications and substitutions may be made
thereto without departing from the spirit and scope of the
invention. Accordingly, it is to be understood that the present
invention has been described by way of illustrations and not
limitation.

It will be recognized that the various components or tech-
nologies may provide certain necessary or beneficial func-
tionality or features. Accordingly, these functions and fea-
tures as may be needed in support of the appended claims and
variations thereof, are recognized as being inherently
included as a part of the teachings herein and a part of the
invention disclosed.

While the invention has been described with reference to
exemplary embodiments, it will be understood that various
changes may be made and equivalents may be substituted for
elements thereof without departing from the scope of the
invention. In addition, many modifications will be appreci-
ated to adapt a particular instrument, situation or material to
the teachings of the invention without departing from the
essential scope thereof. Therefore, it is intended that the
invention not be limited to the particular embodiment dis-
closed as the best mode contemplated for carrying out this
invention, but that the invention will include all embodiments
falling within the scope of the appended claims.

What is claimed is:
1. A method for estimating a property of an earth formation
penetrated by a borehole, the method comprising:

conveying a drill tubular through the borehole;

transmitting a transient signal into the formation with a
transmitter transducer disposed at the drill tubular;

receiving a first signal with a first receiver transducer hav-
ing a sensitivity oriented in a first direction and disposed
an axial distance from the transmitter transducer;

receiving a second signal with a second receiver transducer
having a sensitivity oriented in a second direction dif-
ferent from the first direction and disposed an axial
distance from the transmitter transducer;

calculating a corrected signal that corrects for at least one
of bending and torsion of the drill tubular between the
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transmitter transducer and the first and second receiver
transducers using the first signal and the second signal;
and

estimating the property using the corrected signal.

2. The method according to claim 1, wherein the corrected
signal is further derived from a change in at least one of the
first signal and the second signal.

3. The method according to claim 1, wherein the second
direction is orthogonal to the first direction.

4. The method according to claim 3, wherein the transmit-
ter transducer and the first receiver transducer are oriented in
the same direction and angle 6 of at least one of the bending
and the torsion of the drill string is calculated by solving:

B=tan~'(V,/V ) where V, represents signal magnitude of

the second receiver transducer and V, represents signal
magnitude of the first receiver transducer.
5. The method according to claim 4, wherein the property
is estimated by solving V,_ ...cei~V.c0s(0)+Vsin(0)
where V. ..oor0q T€presents the corrected signal.
6. The method according to claim 1, wherein:
the property is resistivity;
the transmitted transient signal, the first signal, and the
second signal comprise electromagnetic energy; and

the transmitter transducer, the first receiver transducer, and
the second receiver transducer each comprise a separate
antenna.

7. The method according to claim 1, wherein:

the first receiver transducer comprises a third receiver

transducer and a fourth receiver transducer separated an
axial distance from each other to one side of the trans-
mitter transducer;

the second receiver transducer comprises a fifth receiver

transducer and a sixth receiver transducer separated an
axial distance from each other to the same side of the
transmitter transducer as the third and fourth receiver
transducers;

the third and fifth receiver transducers are closer to the

transmitter transducer than the fourth and sixth receiver
transducers;

the third and fourth receiver transducers have a same direc-

tion of sensitivity, and the fifth and sixth receiver trans-
ducers have a same direction of sensitivity that is differ-
ent from the direction of sensitivity of the third and
fourth receiver transducers; and

the corrected signal further corrects for an amount of signal

propagation directly from the transmitter transducer
through the drill tubular to the fifth and sixth receiver
transducers using an output from each of the third,
fourth, fifth and sixth receiver transducers.

8. The method according to claim 7, wherein the direction
of sensitivity of the third and fourth receiver transducers is
orthogonal to the direction of sensitivity of the fifth and sixth
receiver transducers, a direction of transmission of the trans-
mitter transducer is the same as the direction of sensitivity of
the third and fourth receiver transducers, and the corrected
signal is calculated by solving:

9, =tan! (%),
6, =tan™! (%),

Vzx1corrected™Vzx1°008(0 1)+ V 7z, sin(6,)

Vzxzcorrectea™ V2208 (02)+V 7z, sin(6;)

Vzxeorrected )=V zx1corrected D=%1"V zx2c0rrecte
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where V_, represents signal magnitude of the sixth
receiver transducer; V ,,, represents signal magnitude of
the fourth receiver transducer; V- represents signal
magnitude of the fifth receiver transducer; V., repre-
sents signal magnitude of the third receiver transducer;
V oxicorectea TepPresents a corrected signal of the sixth
receiver transducer, V  y .oreereq FEPresents a corrected
signal of the fifth receiver transducer; V v .ooreq FEDIE-
sents a corrected signal received in the same direction as
the direction of sensitivity of the fifth and sixth receiver
transducers; t represents time, and x, is a coefficient for
reducing an amount of direct signal propagation from
the transmitter transducer through the drill tubular.

9. The method according to claim 8, wherein the property

is resistivity;

the transmitted transient signal, the first signal, and the
second signal comprise electromagnetic energy; and

the transmitter transducer, the first receiver transducer, and
the second receiver transducer each comprise a separate
antenna.

10. An apparatus for estimating a property of an earth
formation penetrated by a borehole, the apparatus compris-
ing:

a drill tubular configured to be conveyed through the bore-

hole;

a transmitter transducer disposed at the drill tubular and
configured to transmit a transient signal towards the
earth formation;

afirst receiver transducer disposed at the drill tubular a first
axial distance from the transmitter transducer, having a
first direction of sensitivity, and configured to receive a
first signal related a transmission signal;

a second receiver transducer disposed at the drill tubular a
second axial distance from the transmitter transducer
that is less than the first axial distance, having a second
direction of sensitivity that is different from the first
direction of sensitivity, and configured to receive a sec-
ond signal related to the transmission signal; and

a processor configured to calculate a corrected signal that
corrects for at least one of bending and torsion of the drill
tubular between the transmitter transducer and the first
and second receiver transducers using the first signal and
the second signal, and to estimate the property using the
corrected signal.

11. The apparatus according to claim 10, wherein the pro-
cessor is further configured to calculate the corrected signal
from a change in at least one of the first signal and the second
signal.

12. The apparatus according to claim 10, wherein the sec-
ond direction is orthogonal to the first direction.

13. The apparatus according to claim 12, wherein the trans-
mitter transducer and the first receiver transducer are oriented
in the same direction and angle 6 of at least one of the bending
and the torsion of the drill string is calculated by solving:

0=tan~'(V,/V,) where V, represents signal intensity of the
second receiver transducer and V| represents signal
intensity of the first receiver transducer.

14. The apparatus according to claim 13, wherein the prop-
erty is estimated by solving V,__.......i=V.c0os(0)+V sin(0)
where V,_,......q Tepresents the corrected signal obtained
from the second transducer.

15. The apparatus according to claim 10, wherein:

the property is resistivity;

the transmitted transient signal, the first signal, and the
second signal comprise electromagnetic energy; and
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the transmitter transducer, the first receiver transducer, and
the second receiver transducer each comprise a separate
antenna.

16. The apparatus according to claim 10, wherein:

the first receiver transducer comprises a third receiver
transducer and a fourth receiver transducer separated an
axial distance from each other to one side of the trans-
mitter transducer;

the second receiver transducer comprises a fifth receiver

transducer and a sixth receiver transducer separated an 10

axial distance from each other to the same side of the
transmitter transducer as the third and fourth receiver
transducers;

the third and fifth receiver transducers are closer to the

transmitter transducer than the fourth and sixth receiver
transducers;

the third and fourth receiver transducers have a same direc-

tion of sensitivity, and the fifth and sixth receiver trans-
ducers have a same direction of sensitivity that is differ-
ent from the direction of sensitivity of the third and
fourth receiver transducers; and

the corrected signal further corrects for an amount of signal

propagation directly from the transmitter transducer
through the drill tubular to the fifth and sixth receiver
transducers using an output from each of the third,
fourth, fifth and sixth receiver transducers.

17. The apparatus according to claim 16, wherein the direc-
tion of sensitivity of the third and fourth receiver transducers
is orthogonal to the direction of sensitivity of the fifth and
sixth receiver transducers, a direction of transmission of the
transmitter transducer is the same as the direction of sensitiv-
ity of the third and fourth receiver transducers, and the cor-
rected signal is calculated by solving:

6 =tan™! (%),
6, =tan™! (%),

Vzxtcorrectea™Vzx17€08(0)+V 7z, sin(6,)
Vzx0corrected™V zx2°008(02)+ V725 sin(6,)

Vzxeorrected )=V zx1corrected D=%1"V zx2c0rrected(l)

where V_,, represents signal magnitude of the sixth
receiver transducer; V ., represents signal magnitude of
the fourth receiver transducer; V., represents signal
magnitude of the fifth receiver transducer; V., repre-
sents signal magnitude of the third receiver transducer;
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V oxicorectea TepPresents a corrected signal of the sixth
receiver transducer, Vi ... fepresents a corrected
signal of the fifth receiver transducer; V ..., ocreq F€PrE-
sents a corrected signal received in the same direction as
the direction of sensitivity of the fifth and sixth receiver
transducers; t represents time, and x, is a coefficient for
reducing an amount of direct signal propagation from
the transmitter transducer through the drill tubular.
18. The apparatus according to claim 17, wherein the prop-
erty is resistivity;
the transmitted transient signal, the first signal, and the
second signal comprise electromagnetic energy; and
the transmitter transducer, the first receiver transducer, and
the second receiver transducer each comprise a separate
antenna.
19. The apparatus according to claim 10, wherein:
the transmitter transducer comprises three transmitter
transducers, each transmitter transducer having a trans-
mitting direction that is orthogonal to the transmitting
directions of the other transmitter transducers;
the apparatus further comprises a third receiver transducer,
each receiver transducer having a direction of sensitivity
that is orthogonal to the directions of sensitivity of the
other receiver transducers and in alignment with the
corresponding transmitting directions of the transmitter
transducers; and
the processor is further configured to calculate the cor-
rected signal using a combination of one selected trans-
mitter transducer and two selected receiver transducers.
20. A non-transitory computer-readable medium compris-
ing computer-executable instructions for estimating a prop-
erty of an earth formation penetrated by a borehole by imple-
menting a method comprising:
transmitting a transient signal into the formation with a
transmitter transducer disposed at a drill tubular dis-
posed in the borehole;
receiving a first signal with a first receiver transducer hav-
ing a sensitivity oriented in a first direction and disposed
an axial distance from the transmitter transducer;
receiving a second signal with a second receiver transducer
having a sensitivity oriented in a second direction dif-
ferent from the first direction and disposed an axial
distance from the transmitter transducer;
calculating a corrected signal that corrects for at least one
of bending and torsion of the drill tubular between the
transmitter transducer and the first and second receiver
transducers using the first signal and the second signal;
and
estimating the property using the corrected signal.

#* #* #* #* #*



